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ABSTRACT
The first X–ray afterglow for a short (∼ 30 ms), hard γ–ray burst was detected by Swift on 9 May 2005
(GRB 050509b). No optical or radio counterpart was identified in follow–up observations. The tentative
association of the GRB with a nearby giant elliptical galaxy at redshift z = 0.2248 would imply a total energy
release Eγ,iso ≈ 3×1048 erg, and that the progenitor had traveled several tens of kpc from its point of origin, in
agreement with expectations linking these events to the final merger of compact binaries driven by gravitational
wave emission. We model the dynamical merger of such a system and the time–dependent evolution of the
accretion tori thus created. The resulting energetics, variability, and expected durations are consistent with
GRB 050509b originating from the tidal disruption of a neutron star by a stellar mass black hole, or of the
merger of two neutron stars followed by prompt gravitational collapse of the massive remnant. We discuss how
the available γ-ray and X-ray data provide a probe for the nature of the relativistic ejecta and the surrounding
medium.
Subject headings: binaries: close — stars: neutron — gamma-rays: bursts
1. INTRODUCTION
Classical γ-ray bursts (GRBs) naturally divide into two
classes based on their duration and spectral properties
(Kouveliotou et al. 1993): short/hard (t < 2 s), and long/soft
(t > 2 s) bursts. Through the impetus of the BeppoSAX satel-
lite, it became clear that those of the long variety signal
the catastrophic collapse of massive, rapidly rotating stars
(Woosley 1993) at high redshift (Metzger et al. 1997). The
nature of short events (about 1/3 of the total), is still unde-
termined, but the merger of two compact objects in a tight
binary, as will occur in PSR1913+16 (Hulse & Taylor 1975)
and PSRJ0737-3039 (Burgay et al. 2005) in 300 Myr and
85 Myr respectively, has long been considered a prime can-
didate for a progenitor (Paczyn´ski 1986; Eichler et al. 1989).
The short duration of the prompt γ-ray emission, however,
precluded determination of accurate positions and follow–up
observations, until now.
A breakthrough came on 9 May 2005, when Swift suc-
ceeded in promptly localizing GRB 050509b, a short burst
lasting only t50 ∼ 30 ms (Gehrels et al. 2005; Bloom et al.
2005). The fast response allowed for an accurate position de-
termination and a rapidly fading X-ray source was located,
falling below detection within ∼ 300 s. For the next few
days several multiwavelength observations were made, but
unfortunately no optical or radio afterglow was detected. Al-
though the issue of a host and its implications for the distance
scale remain to be resolved, initial reports of a giant ellipti-
cal galaxy at redshift z = 0.2248, lying only 10” away from
the burst position1 appear consistent with model expectations
of compact binary mergers. This is because a compact ob-
ject binary could take hundreds of millions of years to spiral
together, and could by then — if given a substantial kick ve-
locity upon formation — have traveled several tens of kilopar-
secs away from its point of origin (see e.g., Bloom et al. 1999;
Ivanova et al. 2003, for population synthesis estimates). The
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1 The projected distance is ≈ 40 kpc.
detection of GRB 050509b thus presents us with the unique
opportunity, to which this Letter is devoted, to constrain this
scenario, both from the prompt γ-ray emission and the after-
glow. In § 2 we address the energetics and timescales which
can be expected for the merger of two compact objects based
on recent calculations, and compare them with the data for
GRB 050509b. In § 3 we constrain the properties of the ejecta
and the external medium by using the information available
to us from both the afterglow and prompt emission, consider-
ing both the distance scale of the tentative host galaxy and a
higher redshift. Our findings are summarized in § 4.
2. ENERGETICS AND INTRINSIC TIME SCALES OF THE TRIGGER
It has long been assumed (Lattimer & Schramm 1974) that
the merger of a black hole-neutron star (BH-NS) or double
neutron star (NS-NS) binary would result in the formation
of an accretion disk with enough mass and internal energy
to account for the energetics of a typical GRB, through tidal
disruption of the neutron star in the former, or post–merger
collapse of the central core in the latter. Calculations sup-
porting this view have been carried out in the Newtonian
regime, resulting in disks with md ≈ 0.3M⊙, kT ≈ 10 MeV,
ρ ≈ 1011g cm−3, which could power a GRB (Ruffert et al.
1996; Kluz´niak & Lee 1998; Rosswog et al. 2002). General
Relativity (GR) is certain to play a role, but gauging its ef-
fects is not an easy task. The star could plunge directly
into the black hole and be accreted whole in a matter of
a millisecond (Miller 2005), precluding the production of a
GRB 10 to 100 times longer. Pseudo–Newtonian simula-
tions (Rosswog 2005) and post-Newtonian orbital evolution
estimates (Prakash et al. 2004), however, reveal that the star
is frequently distorted enough by tidal forces that disk–like
structures and long, partially unbound tidal tails can form.
The outcome is sensitive to the mass ratio q = MNS/MBH
and it appears that rotating BHs favor the creation of disks
(Taniguchi et al. 2005). For mass ratios q ≃ 0.25 it is possi-
ble to form a disk2, although of lower mass than previously
2 For the 18 galactic BH binaries, an absolute lower bound is MBH ≥
3.2M⊙ , and for 8 of them (44%), average values yield 6.5 < MBH/M⊙ < 7.5
(McClintock & Remillard 2004).
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TABLE 1
DISK FORMATION IN BH-NS MERGERS.
MNS/MBH Γ md/M⊙ mtail/M⊙
0.3 5/3 0.03 0.05
0.2 5/3 0.03 0.05
0.1 5/3 — 0.01
0.3 2.0 0.04 0.1
0.2 2.0 0.03 0.1
0.1 2.0 — 0.02
thought, md ≈ 10−2M⊙.
To better estimate the mass of the disk (which will crucially
affect the energetics) and the circumstances under which it
may form, we have extended our study of merging BH-NS
pairs using a pseudo–Newtonian potential in three dimen-
sions (Lee & Kluz´niak 1999) and summarize our new results
in Table 1. A relatively narrow, but not unlikely range of
parameters allows for the formation of a small disk, with
md ≈ 3× 10−2M⊙. Mass ratios higher that 1/3 are unlikely
to occur, and if q ≤ 0.1 only a wide, relatively cold arc–like
structure is formed. The densities and temperatures in the re-
sulting disks are ρ ≈ 1010 − 1011g cm−3 and kT ≈ 2 − 5 MeV.
We have considered the stiffness of the nuclear equation of
state as a parameter by using polytropes with various indices
in the range 5/3≤ Γ≤ 2. The standard mass for the neutron
star is 1.4M⊙.
In the case of merging neutron stars (Shibata et al. 2005),
a low–mass disk (with ≈ 1% of the total mass) may survive
once the supra–massive remnant collapses because of gravi-
tational wave emission on a time scale shorter than≈ 100 ms,
and release up to 1050 erg in neutrinos. In addition, the merger
process and the collapse itself would likely produce a signal
of their own (Rosswog & Ramirez-Ruiz 2002).
Once a disk is formed, the energy output depends on its ini-
tial mass, md and temperature. We have recently calculated
(Lee et al. 2005) a realistic set of time-dependent models for
their dynamical evolution, covering the typical duration time
scales of short GRBs (up to one second). These 2D models
make use of a Smooth Particle Hydrodynamics (SPH) code
in azimuthal symmetry and include an accurate equation of
state which considers photodisintegration, neutronization, and
a relativistic Fermi gas of arbitrary degeneracy, as well as neu-
trino cooling and finite optical depths to neutrinos. From the
resulting neutrino luminosities we have computed the total en-
ergy deposition that could drive a relativistic outflow through
νν annihilation, assuming a 1% efficiency at Lν = 1053 erg s−1
(Popham et al. 1999) and its duration. The results for various
disk masses and effective α-disk viscosities are shown in Fig-
ure 1 (joined square symbols), along with the energy–duration
curve for GRB 050509b constrained by the redshift. The to-
tal output Eνν ≃ 1049[md/0.03M⊙]2 erg, is roughly indepen-
dent of the inferred duration, which increases with decreas-
ing disk viscosity since the overall evolution is slower (see
Lee et al. 2005). The strong dependence on disk mass reflects
the sensitivity of the neutrino emission rates on temperature
(e± capture on free nucleons dominates the cooling rate, with
emissivity q˙∝ ρT 6).
Magnetically dominated outflows may alternatively tap the
disk energy through the Blandford–Znajek mechanism. Our
estimates are shown in Figure 1 (round symbols), assuming
equipartition of the magnetic field energy density and the in-
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FIG. 1.— Top: Histogram of observed short–hard burst durations taken
from Paciesas et al. (1999). Bottom: Comparison of the energy–duration
relation as a function of redshift for GRB 050509b (black line) with estimates
from compact binary mergers. The square (round) joined symbols show the
total isotropic energy release (assuming collimation of the outflow into Ωb =
4π/10) and duration (t50) for νν annihilation (Blandford–Znajek)–powered
bursts, as computed from our 2D disk evolution models. The range in initial
disk mass covers one order of magnitude and the effective disk viscosities
are α = 10−1,10−2,10−3 (left to right). Many of the estimates are lower limits
because at the end of our calculations not enough mass had drained from
the disk for the luminosity to drop appreciably. The stars correspond to νν–
driven outflows in NS-NS mergers, computed by Rosswog & Liebendorfer
(2003).
ternal energy of the fluid in the inner disk. The energy flux
is sensitive primarily to the equatorial flow density. It is thus
initially roughly constant, then drops on an accretion (i.e. vis-
cous) timescale. This explains the energy–duration correla-
tion in Figure 1. Since the observed flux sets the thresh-
old for burst detection, neutrino powered events will enhance
the relative importance of shorter events (since Eνν¯ ∼ const,
then Lνν¯ ∝ t−1), while magnetically dominated short GRBs
more truthfully reflect the underlying intrinsic distribution
(since LBZ ∼ const, then Eνν¯ ∝ t). Relaxing the assump-
tion of full equipartition will lower the total energy budget
accordingly. The dependence on disk mass is different, with
EBZ ≃ 5× 1050[md/0.03M⊙][α/10−1]−0.55 erg. Our estimates
assume that whatever seed field was present has been am-
plified to the correspondingly high values extremely rapidly.
Whether this will actually occur is unclear, particularly for the
shortest events, as the field can grow only in a time scale asso-
ciated with proto–neutron star–like convection or differential
rotation in the case of the MRI.
3. CONSTRAINTS ON THE PROPERTIES OF THE EJECTA AND THE
EXTERNAL MEDIUM
The afterglow of GRB 050509b was detected by the Swift
XRT during an observation which started 62 s after the burst
and lasted 1.6 ks (Bloom et al. 2005) with a flux of FX ≈
7× 10−13 erg cm−2 s−1 in the 0.2 − 10 keV range at t = 200 s,
and a temporal decay index α≈ 1.3+0.4
−0.3, where Fν ∝ t−α. The
numerous upper limits in the optical and few upper limits in
the radio are not very constraining for the theoretical models
(see Bloom et al. 2005). The fact that the X-ray flux was
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already decaying at t & 60 s implies tdec < 60 s, where
tdec = (1 + z) Rdec2cΓ20
= 42(1 + z)
(
E51
n0
)1/3(
Γ0
100
)
−8/3
s (1)
and Rdec = (3Ek,iso/4πnmpc2Γ20)1/3 are the observed time and
radius where the outflow decelerates significantly, Γ0 is the
initial Lorentz factor, n = n0 cm−3 is the external density and
Ek,iso = 1051E51 erg is the isotropic equivalent kinetic energy.
That is Γ0 = 87[tdec/(1 + z)60s]−3/8(E51/n0)1/8.
3.1. Prompt Emission from Internal Shocks
Internal shocks typically occur at a radius RIS ≈ 2Γ20ctv
where tv is the variability time. Since GRB 050509b had a sin-
gle peaked light curve (Gehrels et al. 2005), tv ≈ TGRB/(1 + z)
where TGRB ≈ 30 ms is the observed burst duration. The
Thompson optical depth is τT = Ek,isoσT/4πR2mpc2Γ0. To see
the prompt emission we need τT (RIS) < 1 implying
Γ0 > 100E1/551
( tv
30ms
)
−2/5
. (2)
For internal shocks, the νFν spectrum peaks at
Ep = hνm =
1.3g2√
1 + z
ǫ
1/2
B,−2ǫ
2
e,−1E
1/2
51
(30ms)3/2
tvT
1/2
GRB
(
Γ0
100
)
−2
keV ,
(3)
where ǫB = 10−2ǫB,−2 and ǫe = 0.1ǫe,−1 are the fractions of the
internal energy behind the shock in the magnetic field and in
relativistic electrons, respectively, g = 3(p−2)/(p−1) and p is
the power-law index for the electron energy distribution. Eqs.
2 and 3 imply
Ep <
1.3g2√
1 + z
ǫ
1/2
B,−2ǫ
2
e,−1E
1/10
51
( tv
30ms
)
−1/5( TGRB
30ms
)
−1/2
keV .
(4)
The Swift BAT spectrum is νFν ∝ ν0.5±0.4 in the 15 − 350 keV
range (Barthelmy et al. 2005), implying Ep & 300 keV, which
is hard to achieve for internal shocks (see Eq. 4). Possible
ways of increasing Ep are if (i) the internal shocks are highly
relativistic, rather than mildly relativistic as assumed above,
or (ii) only a small fraction of the electrons are accelerated
to relativistic energies (e.g. Ramirez-Ruiz & Lloyd-Ronning
2002). It is not clear how likely either of these options is. The
constraints on the physical parameters in the internal shocks
model are summarized in Fig. 2.
3.2. Prompt Emission from the External Shock
In this case tdec ≈ TGRB ≈ 30 ms, implying a very high Γ0 ≈
1500(E51/n0)1/8. Also, Ep = max(hνm,hνc) where
hνm = 8.8g2ǫ1/2B,−2ǫ
2
e,−1E
1/2
51 (tdec/30ms)−3/2 MeV , (5)
hνc = 25(1 +Y)−2ǫ−3/2B,−2 n−10 E−1/251 (tdec/30ms)−1/2 keV , (6)
and Y is the Compton y-parameter. The value of Ep is reason-
able and independent of n for νc <νm. This requires, however,
sufficiently high values of n and Ek,iso.
In the external shock model the prompt emission and the
afterglow are produced in the same physical region. It is thus
instructive to check whether the extrapolation of the flux in
the prompt emission to the XRT observation at t ≈ 200 s re-
produces the observed flux. The prompt fluence was f ≈
(2.3± 0.9)× 10−8 erg cm−2 in the 15 − 350 keV BAT range
(Barthelmy et al. 2005) implying a γ-ray flux of Fγ(20ms)≈
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FIG. 2.— Constraints on the isotropic equivalent kinetic energy, Ek,iso,
and the external density, n, for the redshift of the tentative host galaxy (z =
0.2248; upper panel) and for z = 3 (lower panel). Dashed lines labeled by the
value of the initial Lorentz factor, Γ0, bound the regions of allowed parameter
space (in the direction of the arrows). These limits apply only if the prompt
emission is from internal shocks, and are derived from the requirements that
tdec < 60 s and τT (RIS) < 1. The shaded region is that allowed from the X-
ray flux at the Swift XRT observation (t ≈ 200 s) for a reasonable range of
values for the micro-physical parameters: 2.2 < p < 2.5, 0.03 < ǫE < 0.03,
10−3 < ǫB < 0.1 (this is independent of the model for the prompt emission).
The ‘plus’ symbols show the location of the exemplary models given in Table
3 of Bloom et al. (2005).
10−6 erg cm−2 s−1. The spectral slope of νFν ∝ ν0.5±0.4 im-
plies an X-ray flux of FX (20ms) ≈ 2× 10−7 erg cm−2 s−1 in
the 0.3 − 10 keV XRT range. This, in turn, implies an average
temporal decay index of 〈α〉 ≈ 1.3 − 1.4 between 20 ms and
200 s. One might expect 〈α〉 to be somewhat smaller, as the
maximal value of α is (3p − 2)/4 (i.e. 1.375 for p = 2.5)3 at
ν >max(νm,νc) which is above 300 keV at 20 ms. This results
in overproducing the flux at 200 s by a factor of ∼ 10 − 20 for
p = 2.5. The observed flux is reproduced for p ≈ 2.8. Lower
values of p might still be possible if, e.g., there are significant
radiative losses or a much higher ǫB in the very early after-
glow.
4. DISCUSSION AND PROSPECTS
From the inferred energy per solid angle, simple blast-wave
models seem able to accommodate the data on the afterglow
of GRB 050509b. Constraints on the angle-integrated γ-ray
energy are not very stringent — the outflow could be con-
centrated in a high Lorentz factor beam only a few degrees
across, or actually be wider. Standard arguments concerning
the opacity of a relativistically expanding fireball (Paczyn´ski
1986) indicate that Lorentz factors Γ& 102 are required, with
a baryon loading no larger than ∼ 10−4M⊙. As we have ar-
gued in § 3.1, for GRB 050509b internal shocks face the prob-
3 This is valid before the jet break time (Granot & Sari 2002), which most
likely occurs significantly later than 200 s.
4 Lee, Ramirez–Ruiz & Granot
lem of explaining the observed peak energy. With an external
shock, the required Lorentz factor is high by usual standards,
and such accelerations would accordingly require a remark-
ably low baryon loading close to the central engine.
Only detailed simulations in full GR will provide us with
the details of the merger process in a compact binary. How-
ever, an approximate treatment using variable compressibil-
ity in the equation of state and a range of mass ratios leads
to similar outcomes, suggesting that the creation of a dense
torus is a robust result. If the central engine involves such a
configuration, is it possible to discriminate between the alter-
nate modes for its formation: compact merger or collapsar?
Accurate localizations of further events should help to con-
firm or reject the latter option, since a collapsar would occur
in or near a region of recent star formation, contrary to the
expectations concerning compact object mergers (see § 1).
A more direct test would obviously be a detection, or lack
thereof, of a supernova–like signature4 (Bloom et al. 2005;
Hjorth et al. 2005). Definitive and spectacular confirmation
could come from the detection of a coincident gravitational
wave signal in the 0.1–1 kHz range, since mass determina-
tions in X–ray binaries and the binary pulsars indicate that in
NS-NS systems mass ratios should be close to unity, whereas
in BH-NS binaries they should be smaller than 1/3. Accu-
rate measurement of the inspiral waveform in the LIGO band
would allow simultaneous determination of the ratio of re-
duced to total system mass, µ/MT and of the "chirp" mass
Mc = (m1m2)3/5/(MT)1/5, from which the mass ratio can be
derived.
GRB 050509b is the first event in the short class of bursts
for which we have an accurate localization and a tentative
distance indicator, based on an association with an elliptical
galaxy at z = 0.2248. At the inferred distance of ≃ 1 Gpc, we
have shown here that the energetics and duration can be ac-
counted for by small, dense disks around stellar mass black
holes, based on dynamical modeling of such systems. The
lack of a SN–like signature in the optical at that distance
(Hjorth et al. 2005) argues against a collapsar/hypernova pro-
genitor. Putting GRB 050509b at a significantly higher red-
shift places more serious constraints not only due to the en-
ergetics, but particularly because of the short duration: at
z = 3, Eγ,iso ≈ 4.6× 1050 erg and t50 ≈ 8 ms (see Figures 1
and 2). This is hard to reconcile with the current models, and
makes it unlikely that a collapsing stellar core is at the ori-
gin of GRB 050509b. The observed duration distribution of
bursts may be affected by the mechanism responsible for the
production of the relativistic outflow, with magnetically pow-
ered events more faithfully reflecting the intrinsic population.
GRB 050509b is in many respects an unusual event, being so
short and apparently sub–energetic.
Much progress has been made in understanding how γ-rays
arise from the sudden deposition of energy in a small vol-
ume, and in deriving the properties of the afterglows that fol-
low. The identity of short–burst progenitors remains a stand-
ing mystery, which further observations of events similar to
GRB 050509b will hopefully help elucidate.
We thank J. Bloom, J. Hjorth, C. Kouveliotou, P. Kumar,
D. Page, D. Pooley, J. Prochaska and S. Rosswog for helpful
conversations. This work is supported by CONACyT-36632E
(WHL), the DoE under contract DE-AC03-76SF00515 (JG),
and NASA through a Chandra Fellowship award PF3-40028
(ER-R).
4 It is important to note that the natural time scale for a collapsing envelope
to produce a GRB is given by the fall-back time, which is longer than a few seconds.
REFERENCES
Barthelmy, S., et al. 2005, GCN Circ. 3385
Bloom, J., Sigurdsson, S., Pols, O. R. 1999, MNRAS, 305, 763
Bloom, J. S., et al. 2005, submitted to ApJ (astro-ph/0505480)
Burgay, M. et al. 2003, Nature, 426, 531
Eichler, D., Livio, M., Piran, T., Schramm, D. N. 1989, Nature, 340, 126
Gehrels, N. et al. 2005, preprint (astro-ph/0505630)
Granot, J., & Sari, R. 2002, ApJ, 568, 820
Hjorth, J. et al. 2005, ApJL in press (astro-ph/0506123)
Hulse, R. A., Taylor, J. H. 1975, ApJ, 195, L51
Ivanova, N. et al. 2003, ApJ, 592, 475
Kluz´niak, W., Lee, W. H. 1998, ApJ, 494, L53
Kouveliotou, C. et al. 1993, ApJ, 413, L101
Lattimer, J. M., Schramm, D. N. 1974, ApJ, 192, L145
Lee, W. H., Kluz´niak, W. 1999, MNRAS 308, 780
Lee, W. H., Ramirez–Ruiz, E., Page, D. 2004, ApJ, 608, L5
Lee, W. H., Ramirez–Ruiz, E., Page, D. 2005, ApJ in press
(astro-ph/0506121)
McClintock, J. E, Remillard, R. A. 2004, in Compact Stellar X–ray Sources,
Cambridge University Press, eds. W. H. G. Lewin and M. van der Klis
Metzger et al. 1997, Nature, 387, 878
Miller, M. C. 2005, ApJ, 626, L41
Paciesas, W. et al. 1999, ApJS, 122, 465
Paczyn´ski, B. 1986, ApJ, 308, L43
Popham, R., Woosley, S. E., Fryer C. L. 1999, ApJ, 518, 356
Prakash, M., Ratkovic, S., Lattimer, J. M. 2004, J.Phys. G30, S1279-S1282
Ramirez-Ruiz, E., & Lloyd-Ronning, N. M. 2002, NewA, 7, 197
Rosswog, S. 2005, preprint (astro-ph/0505007)
Rosswog, S., Davies, M. B. 2002, MNRAS, 334, 481
Rosswog, S., Ramirez-Ruiz, E. 2002, MNRAS, 336, L7
Rosswog, S, , Liebendorfer, M. 2003, MNRAS, 342, 673
Ruffert, M., Janka, H.-Th., Schäfer, 1996, A&A, 311, 532
Shibata, M., Taniguchi, M., Uryu, K. 2005, Phys. Rev. D71, 084021
Taniguchi, K., Baumgarte, T. W., Faber, J. A., Shapiro, S. L. 2005, PRD
submitted (astro-ph/0505450)
Woosley, S. E. 1993, ApJ, 405, 273
